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With urban sprawl and intensified agriculture, nutrient loading of waterways has 
become a pressing issue across southern Ontario. Domestic wastes are more likely than 
other wastewater sources to be associated with the presence of human pathogens, and 
therefore they may present a greater public health risk in watersheds. Field studies were 
performed in the watersheds of the County of Simcoe, ON to assess the efficacy of 
tracing nutrient loads directly attributable to domestic waste using caffeine as an 
indicator, and comparing caffeine patterns with those seen with conventional bacterial 
assessments such as heterotrophic plate count, total coliforms, fecal coliforms, and E.coli 
counts. Seasonal fluctuations in the levels of caffeine in these systems, both in water and 
surface sediments, were also studied. In a controlled experiment in the laboratory, a one-
week study investigated the efficacy of standard bacterial tests and caffeine 
measurements, both individually and in combination, as predictors of the relative 
contribution of domestic waste to wastewater. Trace concentrations of caffeine in water 
and sediment samples were measured using gas chromatography ion-trap tandem mass 
spectrometry. In a series of step-wise multiple regression analyses, caffeine was found to 
be a useful and significant factor that helped to predict the extent of domestic land use 
and domestic waste concentrations in the environmental samples (p<0.05) , and in the 
laboratory study examining conditions in various blends of  domestic and agricultural 
waste (p < 0.05). In a multiple analysis of covariance, caffeine levels showed a 
significant correlation with seasonally varying water parameters (p < 0.05). The use of 
caffeine as a contributing indicator of the relative contribution of domestic wastes in 




Nutrient loading is a major issue promoting eutrophication and related problems 
in the Lake Simcoe watershed and surrounding areas (Winter et al., 2007). “Nutrient 
loading is determined primarily by surface and subsurface transport from the contributing 
landscape and varies significantly as a function of weather and landscape characteristics 
such as soils, topography, and land use” (U.S. EPA, 2008). In previous research, caffeine 
has been used as a “fingerprint” for contamination with domestic waste in freshwater 
systems. The current research was carried out to improve our understanding of the 
relationship between caffeine levels in local freshwater system and independent estimates 
of the relative inputs of domestic (human) wastes. We also sought to better differentiate 
domestic waste contamination from agricultural (livestock) waste contamination. A better 
understanding of the sources of local nutrient loads may improve the waste management 
strategies and thus the ecological health of freshwater systems in the County of Simcoe. 
Three major research questions were investigated. 1. Can a combination of caffeine and 
bacterial analysis indicate domestic nutrient loads on a local scale? 2. Does the usefulness 
of caffeine as an anthropogenic marker change seasonally in these freshwater systems? 3. 
Do caffeine concentrations in sediment provide greater accuracy than concentrations in 
water for tracking domestic waste in this freshwater system? Our results showed that 
caffeine is generally present in higher concentrations where raw domestic waste occurs. 
A combination of caffeine and bacterial counts provided a better model for estimating the 
relative contribution of domestic waste than either metric alone. Caffeine concentations 
do vary with season, with the highest concentrations being seen in winter. Caffeine 
concentrations were higher in sediment than in water, but the results varied greatly so 
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more studies of sediment are required before a definite conclusion can be made. This 
study provides insight on improved methods for tracking domestic waste in our region 
that combine bacterial and caffeine assessments. This suggests it may be useful to 
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The study by Winter et al. (2007) also highlighted the importance of 
concentrations of dissolved oxygen (DO) in the hypolimnion. Higher total phosphorous 
(TP) levels are suspected to be resulting in extreme low end-of-summer oxygen levels, 
due to active decomposition of the large organic biomass resulting from eutrophication. 
Levels of DO are critical for cellular respiration in organisms such as fish; a minimum 
concentration of 7 mg/L for hypolimnetic DO, is required to sustain a self-recruiting 
population of an important species to the fisheries industry, lake trout or Salvelinus 
namaycush (Evans et al. 2006). The Lake Simcoe Environmental Management Strategy 
(LSEMS) had set a goal of 5mg/L in 2009, as an achievable target for end-of-summer 
hypolimnetic DO concentrations in Lake Simcoe (Lake Simcoe Protection Act 2008). 
Unfortunately, recent reports suggest that Lake Simcoe does not yet stay above this 
threshold year-round.  
 
Land areas can be classified in terms of human use, as being used for recreation, 
agriculture, or urban uses (NRC, 2015). When there are plans to change land use in an 
area, formal land use applications are required; these involve baseline mapping and 
subsequent monitoring in efforts to balance conservation, any conflicting use, and an 
assessment of developmental pressures (NRC, 2015). The Lake Simcoe Regional 
Conservation Authority initiated a Natural Heritage and Land Use Mapping Program in 
2000; this now covers the entire Lake Simcoe Watershed (LSRCA, 2007). Land use is 
classified into the categories of: intensive agriculture, non-intensive agriculture, urban 
development, rural development, estate residential, manicured open space, institutional, 





required to reduce their phosphorous discharge to meet Provincial Standards, in 
accordance with the Lake Simcoe Protection Plan and Lake Simcoe Phosphorous 
Reduction Strategy (Lake Simcoe Protection Act 2008), and the Reduction Strategy for 
the Lake Simcoe Watershed (2010). The current provincial limit for phosphorus 
concentrations in effluent is set at 0.1 mg/L and 996kg/yr as of June 2015 (Lake Simcoe 
Protection Act 2008). An Environmental Compliance Approval was issued to the City of 
Orillia by the Ministry of Environment (MOE) in 2012. From 2007-2011, average 
concentrations of phosphorous in treated effluent were 0.15mg/L, and total loading 
averaged 968kg/yr with notable reductions in the most recent years. The WWTP effluent 
from the City of Orillia discharges at the Orillia Narrows and flows northwest along the 
Trent-Severn Waterway. 
The Trent-Severn Waterway northwest of Orillia has been recognized as part of 
the Severn Sound Area of Concern (AOC) identified by the International Joint 
Commission (Figure 1-1). In recent years, Lake Couchiching and Sparrow Lake have not 
been able to meet water quality objectives or water quality standard guidelines (IJC, 
2003). This highlights the direct impact of municipal wastes contributed by the Orillia 
area, and underscores the importance of managing municipal waste and monitoring the 
concentrations of nutrients such as nitrates and phosphates in all areas of adjoining 
waterbodies and interpreting their sources and movement in light of important factors 




Figure 1-1: The Trent Severn Waterway from Lake Simcoe to Georgian Bay with an indication of directional flow 
(arrows). 
The Orillia WWTC resembles many of other WWTCs in the Lake Simcoe 
watershed, in terms of their treatment process. This involves primary treatment (grit 
removal, screening, and settling), followed by secondary treatment (activated sludge 
tanks with aeration, and secondary clarifiers). Tertiary treatment at the Orillia WWTC 
currently consists of UV disinfection (Phillips et al., 2012). 
The Orillia WWTP is one of 14 sewage facilities within the Lake Simcoe 
watershed. These facilities include some secondary treatment plants, some tertiary 
treatment plants and some lagoon-based systems (W.E.A.O. 2010). While there is a wide 
variety of treatment processes, Orillia uses conventional activated sludge methods which 




treatment, this only represents 10-60% of the total lake contamination. The conclusion is 
that the rest of the contamination in Lake Simcoe is a product of CSO events and other 
point-sources of untreated domestic waste (Phillips et al., 2012).   
This finding shows that CSO discharges are very important contributors to 
environmental contamination since this small portion, about 10% of domestic waste 
seems to be responsible for as much as 90% of some lake contaminants. This highlights 
the importance of recording CSO occurrences and relating them to the time and location 
of sampling sites.  
While CSO events alone may be major point sources of nutrient loading in 
southern/central Ontario and the Great Lakes region (LSRCA, 2013), regular Sanitary 
Sewer Overflows (SSOs) are often overlooked because several facilities often bypass 
treatment at the same time and the contributions of individual systems are often difficult 
to distinguish (Tibbetts, 2005). An overflow from SSOs is more common in cities with 
older infrastructure. Often, inadequate, heavily infiltrated, or congested sanitary sewers 
cause a surcharge higher than the sewer pipe and benching in upstream manhole access 
points. These manholes are equipped with various types of simple bypass systems where 
an open pipe is installed at a higher elevation. This pipe is a direct bypass to a nearby 
Stormwater sewer (figure 1-2). Many cities across Ontario contain numerous SSO 
systems; some of these are equipped with ultrasound depth, velocity, and pressure sensors 
so that these events can be anticipated and quantified (Lanning & Peterson, 2012). Such 
events, however remain poorly understood, and are underreported. Give the specificity of 










assessed the effects of sonication, centrifugation, and fixation by formalin, as well as 
centrifugation speed. In diluted sediment, one minute of sonication reduced counts by 
47%, and with the addition of percoll after sonication and centrifugation, population 
counts were significantly reduced (dos Santos et al., 2000).  
Microbial Source Tracking      
Microbial source tracking can be defined as any means where bacterial cultivation 
or microbiological techniques can be used to track the source of water contamination. 
Some of the major disadvantages of using microbial source tracking include the 
additional time required for incubation, and the inability to discriminate between human 
and animal fecal sources (Glassmeyer et al., 2005). In parallel, a complementary 
approach, using chemical monitoring, was examined; the potential advantage was that it 
would not require the lengthy incubation time, and it would allow differentiation of the 
source of contaminants (Glassmeyer et al., 2005). This aspect of the research involved 
collecting samples from points downstream, and upstream of WWTPs in ten different 
locations within the Lake Simcoe watershed. In addition, two “reference locations” where 
it was assumed there would be minimal human impact, were included for comparison. 
The results of this work suggested that a specific chemical might be useful for tracing 
human wastewater discharge, and that there were advantages in using this approach 
rather than microbial source tracking. This chemical is caffeine, the stimulant present in 
coffee, tea, cola drinks, etc., and it was reportedly found at detectable levels in 70% of 
samples, at concentrations ranging from 0-7.99 µg/L (Glassmeyer et al., 2005).                                                                                                           
Microbial source tracking is typically used to investigate whether animal waste is 
present and at what quantity (Ishii & Sadowsky, 2008). Escherichia coli and other 
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coliform bacteria can be used for source tracking since they often originate from animal 
intestinal tracts (Ishii et al., 2006). Conventionally, total coliforms (TC) are used to 
monitor drinking water, and fecal coliform counts (FC)/E. coli are used to assess 
recreational waters (Ishii et al., 2006). Escherichia coli is normally present as a 
commensal in the intestines of warm-blooded animals, and because of this, E. coli in the 
environment is an indicator of inputs of animal wastes. A major issue with this concept is 
the potential naturalization of E. coli in freshwater systems and the reduced accuracy of 
microbial source tracking when this occurs (Ishii et al., 2006).  
Most monitoring of fecal contamination is carried out to assess drinking water, 
groundwater, and recreational water. Characteristics of bacteria that are directly 
associated with fecal contamination include: presence in intestinal tracts of warm-
blooded animals; presence when pathogens are also present; presence in greater numbers 
than the pathogen; ability to survive similarly in the environment; inability to multiply in 
the natural environment; detectable and quantified by easy, rapid, inexpensive methods; 
and non-pathogenic (Ishii & Sadowsky, 2008). While the microbial-source tracking 
discussed is referring to its use for assessing the safety of drinking water and avoidance 
of pathogens, it may also be readily linked to levels of phosphorous loading (Ishii & 
Sadowsky, 2008). These general characteristics should be considered when looking at 
other, alternative forms of source tracking. Overall a good indicator will be highly 
correlated with the public health risk of water-borne and water-contact diseases (Ferreira, 
2005). These target organisms must be native to animal intestinal tracts, enter water 






other chemical compounds associated with human consumers may be used to distinguish 
and track domestic waste in natural freshwater systems (Daneshvar et al., 2012; Halling-
Sørensen et al., 1998; Khan & Ongerth, 2004; Spongberg & Witter, 2008; Stackelberg et 
al., 2004). Several recent studies have, for example, identified and proposed compounds 
such as nicotine, sucralose, triclosan and caffeine as ideal indicators of domestic waste 
based on their abundance and specificity to human consumers (Bruton et al., 2010; 
Buerge et al, 2003; Chen et al., 2002; Daneshvar et al., 2012; Ferreira, 2005; Halling-
Sørensen et al., 1998; Khan & Ongerth, 2004; Kurissery et al., 2012; Spongberg & 
Witter, 2008; Stackelberg et al., 2004). Other factors that influence the efficacy of a 
domestic waste tracer must also be considered. It is important to have a good 
understanding of the fate of these compounds over time, if they are to be coherently and 
consistently interpreted as indicators (Bruton et al., 2010; Halling-Sørensen et al., 1998; 
Sabaliunas et al., 2003). For example, if a substance has a high octanol-water partitioning 
coefficient (log Kow), it is likely to leave the water column and be absorbed by biota and 
bioaccumulate, potentially biomagnifying through the food chain. However, if it has a 
low log Kow, it will more likely persistent in the aqueous phase of the freshwater system 
(Bruton et al., 2010). It is also important to consider the rate of natural breakdown, either 
through chemical or microbial processes (Bruton et al., 2013). If a compound degrades 
very slowly, i.e. if it is a persistent contaminant, which is most likely in the case of 
synthetic compounds, its concentration in the environment will continuously increase, but 
the chemical may not produce the visible peaks during loading events that might serve as 
an indicator of pulses of domestic wastewater. For example synthetic compounds such as 







addition of H2O2, and pH of lower than 3 or higher than 8 (Trovó et al., 2013). These 
parameters have been closely examined in order to determine optimal conditions for this 
degradation process (Alam et al., 2013). Solar pretreatment was conducted in a small-
scale pilot test with an average solar irradiance of 49.7 ±3.9 Wm-2 where 50L of caffeine 
solution was circulated for 180 minutes. Caffeine had mineralized to below the 
quantification limit after 20 minutes in EasyPure water (a commercial water purification 
system from Barnstead (Dubuque, IA, USA) ) and 40 minutes in sewage water. The 
authors found that the highest mineralization (breakdown) of caffeine occurred when 
caffeine, Fe2+, and H2O2 were at concentrations of 52.0mg/L, 10.0mg/L-1, and 42.0mg L-1 
respectively. Furthermore, they demonstrated that the photo-Fenton process can be 
successfully applied to the degradation of caffeine, even when the contaminant is present 
in complex samples such as sewage water and WWTP effluents (Trovó et al., 2013).  
This background information is important when considering the potential for persistence 
of caffeine in natural environments.  
The disposal of coffee waste is highly problematic in countries where coffee 
beans are produced (Ahmad, 2014). Bioremediation of coffee waste can be carried out by 
caffeine bio-degrading organisms such as Pseudomonas, Alcaligenes, Aspergillus, 
Serratia, Penicillium, Klebsiella, Stemphylium, Rhizopus, Rhodococcus, Brevibacterium, 
Bacillus sp., and Phanerochaete,  which readily metabolize caffeine for its carbon and 
nitrogen content (Ahmad, 2014). Prior to the 1970s, it was generally believed that 
caffeine was toxic to bacteria based on its effect on enzymes (Summers et al., 2011; Yu et 
al., 2009). Caffeine concentrations above 0.0025g/ml inhibit microbial growth, although 
the authors also reported caffeine biodegradation was occurring (Raj & Dhala, 1965). 
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Since then, studies have shown caffeine to be a potential energy source for 
microorganisms, primarily bacteria of the genus Pseudomonas, Serratia, Rhodococcus 
and Klebsiella (Ahmad, 2014; Dash & Gummadi, 2012; Vogels & Van der Drift, 1976). 
Iron concentrations (0.04% Fe2+) have also been identified as a co-factor in the 
production of dymethylating enzymes (Dash & Gummadi, 2012; Ramarethinam & 
Rajalakshmi, 2004). Understanding the role that iron plays in the biodegradation of 
caffeine highlights the importance of taking conductivity readings when collecting 
samples, as well as assessing the concentration of iron in the water.  
Pseudomonas sp., in particular, show the highest growing rates and ability to 
degrade caffeine at a rate of 90.00 mg/hr  under ideal conditions and supplemented with 
external sources of nitrogen (Vogels & Van der Drift, 1976). Anaerobic degradation of 
caffeine does occur, but at much slower rates (e.g. 13-63% reported after 100 days 
compared to 100% aerobically after 14 days (Dash & Gummadi, 2012; Ramarethinam & 
Rajalakshmi, 2004). These factors are affected by temperature, pH, initial caffeine 
concentrations, and additional nutrient sources (Dash & Gummadi, 2012). It is important 
to understand chemical parameters of caffeine and the likelihood of persistence of this 
chemical under natural environmental conditions, in contrast to its persistence or 
breakdown in laboratory tests. It appears that there are several factors that may influence 
the persistence of caffeine in respect to biological processes depending on the availability 
of oxygen; degradation of caffeine is slower via anaerobic pathways, than aerobic 






Card, the river received a “D-grade” based on its elevated phosphorous levels; these were 
were reported to be about 25 µg/L at the mouth of the river in Cook’s Bay (L.S.R.C.A 
2009). The authors of that report were concerned about the high degree of human activity 
in the area and suggested that some domestic waste may be reaching the lake, potentially 
leading to microbial contamination and excessive growth of algae, macrophytes, and 
potentially cyanobacteria. The ecological surveys in the present study were designed to 
evaluate: lake shore development; the distribution and abundance of bacteria; changes in 
temperature and DO; and concentrations of plant nutrients. Given the potential of this 
lake as a sample location, there is inherent value in knowing the background history of 
cottage development and growing anthropogenic influences that have affected local water 
quality over time. 
A recent study of the Lake Simcoe watershed focused on the use of caffeine as an 
indicator of anthropogenic impacts (Kurissery et al., 2012). From May to December 
2010, water samples and sediment samples were collected from five locations in South-
Eastern Lake Simcoe. This study provided a very useful background for the present study 
in terms of characterizing the range of caffeine concentrations that might be expected in 
the region. All sampling sites had measurable concentrations of caffeine, measured using 
gas chromatography ion-trap tandem mass spectrometry at the University of Victoria, 
following the procedures outlined in Verenitch and Mazumder (2008). Water samples 
from the site with the highest anthropogenic influence had caffeine concentrations of 5.1-
76.8 µg/L. Caffeine concentrations in the surface sediment were much higher, reaching 
up to 6.9 ng/g of sediment.  
1.7  Gaps and objectives of the present study 
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Many studies have identified the impacts that nutrient loading as well as animal and 
fecal contamination can have on natural freshwater systems e.g. Winter et al. (2007). It is 
also clear that we need to better distinguish different sources of nutrient loading and 
contamination so that targeted measures can be taken to mitigate their effects (Gardinali 
& Zhao, 2002; Peeler et al., 2006). For decades, methods involving microbial source 
tracking have been used to identify fecal contamination in freshwater systems, but many 
of these methods cannot readily distinguish whether the waste is of domestic or 
agricultural origin (Hai & Hongdao, 1982). While there are some procedures fecal 
indicator bacteria capable of distinguishing animal from human waste (Stoeckel & 
Harwood, 2007), they have not been widely accepted as standard practice in public 
health, presumably due to the cost of sample analyses. More recently, chemical tracers 
such as caffeine have been used to track human fecal contamination from wastewater 
treatment plants and other domestic sources (Gardinali & Zhao, 2002; Kurissery et al., 
2012; Peeler et al., 2006).  
The fate and occurrence of caffeine in freshwater systems is still a relatively new 
topic, and much is still unknown, particularly on a local scale (Kurissery et al., 2012). 
The current research is designed to address gaps in information regarding the value of 
caffeine as an indicator of domestic waste in the County of Simcoe and in the Lake 
Simcoe Watershed.  
In the field component of this study, the goal was to combine methods of bacterial 
indicators and caffeine as methods to evaluate the domestic influence of sampling 
locations on a local scale. In addition, the study examined levels of caffeine at selected 
sampling locations, over the course of a full year, in order to assess the effect of 
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seasonality on caffeine concentrations in the freshwater environment. We will also assess 
the value of taking near-shore surface sediment samples of bacteria and caffeine, in order 
to determine whether sediment samples offer advantages over surface water samples, or 
indeed if both are necessary for a full understanding of loadings (Chapter 3).  
 
In addition to these field studies, a laboratory experiment was conducted to evaluate the 
efficacy of combined source tracking (bacterial and caffeine) of domestic waste in a 
controlled setting where known proportions of agricultural and domestic waste were 
present. This experiment was also designed to determine the stability of caffeine and 





Differential coliform (DC) and fecal coliform agar media were prepared following 
standard aseptic techniques. Petri dishes were then filled with 15 mL of this DC medium 
and allowed to solidify. 1 mL and 10 mL of each sample were then filtered through 0.45 
mm sterile filter papers, using a filtration unit connected to an 18 PSIG (pounds per 
square inch gauge) vacuum pump (Bykowski & Stevenson, 2005). For sediment samples, 
1 g of sediment was added to 9 mL of sterile DI water in a test tube and after shaking 
well for about 1 min it was centrifuged at 2500 rpm for 5 mins in a Sorvall ST8 
centrifuge. From the supernatant, 0.1 mL and 1 mL samples were filtered through 0.45 
µm filter paper as described above. In order to avoid contamination between samples, the 
filtration unit was cleaned with 70% ethanol and sterile distilled water between filtration 
runs.  
Using sterile forceps, the filter papers were removed and placed carefully on the 
DC media plates under the biohood. The labelled Petri dishes were placed in an incubator 
for 24 hours at 34 ± 2 °C (for total coliforms and E. coli), and for 24 hours at 44.5 ± 2 °C 
(for fecal coliforms) following the Environmental Protection Agency (EPA) approved 
Hach methodology Number 10029 (Hach, 1999; EPA, 2002). 
2.3 Total Suspended Solids (TSS) 
TSS were determined using the 1 L samples collected in the field. These 1 L 
samples were filtered through a pre-weighed 47 mm membrane 0.7 µm pore filter paper. 
This was then placed on a sheet of aluminum foil and dried in an incubator at 55° C for 
approximately 24 hours. The filter papers were then re-weighed and the difference in 
mass allowed calculation of the mass of total suspended solids (APHA, 2012). This 
process was repeated for all samples. 
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2.4 Nitrate Estimation  
All glassware was rinsed with a 10% solution of hydrochloric acid, followed by a 
rinse in DI water. Next, 15 mL of each sample was transferred into test tubes. A pillow of 
Nitraver 6 was added to each sample, then the tube was capped and shaken consistently 
for 3 mins. Samples were then left to rest for at least 3 mins. At that point, 10 mL of each 
sample was transferred with a pipette into a new test tube. One Nitraver3 pillow was then 
added to each tube; they were capped and shaken gently for an additional 30 seconds, 
then left to settle for a minimum of 15 mins. At that point, any samples containing nitrate 
had become pink in colour. Approximately 3 mL of each sample was then transferred 
into a 10 mL cuvette and the absorbance was measured in a spectrophotometer at 507 nm 
wavelength. The reading was then compared to the standard curve for nitrate in order to 
determine the nitrate concentrations in mg/L (APHA, 2012). 
2.5 Total Phosphorous (TP) Estimation 
All glassware was rinsed with a 10% solution of hydrochloric acid, followed by a 
rinse in DI water. Next, 50 mL of each sample was placed in a 150 mL beaker. 
Additional beakers were filled with DI water to provide a control and act as the blank for 
the spectrophotometer. One drop of phenolphthalein was added to each sample, and the 
solution was neutralized with 1 mL of a 30% solution of sulfuric acid. This was done to 
ensure all samples were at or below pH 7. 
To each of the beakers, 0.4 g of ammonium persulfate was added, and the beakers 
were placed on a hotplate to simmer until the volume remaining in the beaker was 
concentrated down to 10 mL.  The samples were then diluted with 20 mL of DI water and 
mixed with a stirring rod for 15 seconds. One drop of phenolphthalein was then added to 
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each sample to provide an indication of pH. A 30% solution of sodium hydroxide was 
then added very gradually until the solution was at pH 7 (neutral).  
10 mL of each of sample were then transferred to test tubes, using a pipette. One 
pillow of Phospher 3 reagent was then added to each of the samples, which were then 
capped and mixed for 15 seconds. A portion of each sample was then transferred to a 3 
mL cuvette, and absorbance measured in a spectrophotometer at 880 nm. The absorbance 
values were compared to the standard curve to calculate total phosphorus (TP) 
concentrations in mg/L. 
2.6 Filtration and Extraction of Caffeine from Water Samples 
Clean plastic bottles, each containing 1 L of water, were wrapped in aluminum 
foil and stored at -5º C in a freezer. The samples then were shipped in plastic coolers to 
the Bob Wright Centre at the University of Victoria, BC for caffeine analysis. 
Water samples were filtered using Whatman 934-AH membrane filter paper. All 
filters were pre-washed in DI water for quality control purposes. All samples were 
neutralized with sodium hydroxide prior to analysis. Quality control measures were 
undertaken to ensure the accuracy of caffeine analysis, in that, for every 10 samples 
prepared, a procedural blank and standard spikes were used. For the blank, 1 L of 
EasyPure water was used. For the spike, 1 L of EasyPure water was mixed with 200 – 
400 ng of caffeine standard. For each one-litre sample, 10 µL of 2000 pg/µL (ppb) 
solution of the surrogate internal standard was added and shaken to mix thoroughly.  
The Oasis hydrophilic-lipophilic-balanced (HLB) reversed-phased sorbent was 
conditioned with 3 mL of methyl-tert-butyl ether (MTBE), followed by 3 mL of methanol 
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(MeOH) combined with 3 mL of EasyPure water. The extraction tubes were rinsed with 
MeOH acetone and dichloromethane (DCM), respectively. The samples were passed 
through the Oasis HLB solid-phase-extraction (SPE) cartridge at approximately 10 
mL/min. Each bottle was thoroughly rinsed three times with 10 mL EasyPure water to 
ensure as much as possible of the sample’s caffeine had been extracted. Each Cartridge 
was then rinsed with 2 mL of 25% MeOH to remove any polar co-extractives. The 
Cartridges were dried under vacuum for 10 mins, and the sample extraction tubes were 
rinsed with MeOH, Acetone, and DCM before storage. The analytes were eluted from the 
cartridges and transferred to culture tubes using MeOH followed by MeOH/MTBE (1:9, 
v/v). Cartridge extractants were then concentrated to near dryness under an N2 
atmosphere (no oxygen was present). Then, 3 mL of DCM and Na2SO4 were added to the 
culture tubes. Samples were concentrated to 500 µL and 1 mL of DCM was added to 
each culture tube, then the tubes were vortexed and transferred to the 10 mL Kuderna-
Danish (KD) centrifuge certified vials. Samples were concentrated to 100 µL, then, using 
a 250 µL Hamilton syringe, they were transferred to a gas chromatography (GC) certified 
vial insert and the meniscus was marked. Care was taken to avoid cross-contamination of 
samples by wiping the bottom of the needle and bottom of the syringe with methanol 
between transfers. The samples were then ready for the gas chromatography (GC) 
procedure. 
2.7 Filtration and Extraction of Caffeine from Sediment Samples 
10 g of sediment samples were weighed and placed in a 50 mL conical tube. 10 
µL of 13C labeled Internal standard (2.063 ppm) was added. Needles were rinsed with DI 
water. Each conical tube was then filled to 37 mL with EasyPure water and vortexed until 
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well mixed and homogenized. The samples were then left overnight. The following 
morning, samples were sonicated for 45 mins, then centrifuged at room temperature at 
5000 rpm. 
The supernatant was decanted into 150 mL Nalgene bottles, which were then 
topped up to 37 mL with DI water, well mixed and then sonicated for 45 mins. The steps 
of sonication, centrifugation, and decanting were repeated 2 more times (3 times total).  
2.8 Analysis of Prepared Aqueous Caffeine Samples 
Frozen samples were left to thaw overnight, and glass fiber filters, glassware, and 
Na2S04, were prepared the day before. The following day, 10 µL of 13C caffeine stock 
solution was added to each 1 L sample and was well shaken. The needles were wiped 
with MeOH after each sample to avoid cross-contamination. The samples were then 
filtered; meantime the Oasis HLB was conditioned with 3 mL MTBE and then 3 mL of 
MeOH, then rinsed with 3 mL of EasyPure water. The extracted sample was passed 
through the Oasis HLB SPE cartridges at 10 mL/min and the cartridges were then dried 
in a full vacum for 10 mins. The analytes were eluted from the HLB SPE cartridges to 
culture tubes by rinsing with MeOH and MTBE solution. Oasis extracts were 
concentrated further using nitrogen gas. The samples were dried to provide a 
concentrated solution of 100 uL. Using a Hamilton syringe, the samples were tranferred 
to a GC vial and the meniscus was marked with pen. The caffeine samples were now 
fully extracted and prepared for mass spectrometry. The prepared samples were cycled 
through a Varian CP 3800 gas chromatograph with a 30 m × 0.25 mm film thickness CP-
SIL 8CB-MS capillary column interfaced to a Varian Saturn 2200 ion-trap mass 




do this, data on caffeine concentrations were collected for one year to determine the 
utility of caffeine as a means to track the relative contribution of domestic waste in 
freshwater systems and its variability with seasons. Previous studies have suggested that 
the survival of E. coli and other bacteria (microbial tracers of domestic waste) is largely 
dependent on water temperature, so the winter months are a sub-optimal time to conduct 
microbial-based source tracking to identify nutrient loading (Ishii et al., 2006). In 
contrast, caffeine as a tracer of domestic nutrient loading should offer a robust and stable 
method that can be used year-round (Oliver et al., 2016). 
The second objective of this study was to determine if caffeine in surface 
sediment samples can be used as a more stable method for tracing nutrient loading. It has 
been suggested that caffeine may remain more stable and less likely to degrade in 
sediment than in the overlying water, in the aquatic environment (Ahmad, 2014; Bruton 
et al., 2010; Kurissery et al., 2012; Trovó et al., 2013).  
Thus, this study investigated three research questions.  
1. Do caffeine concentrations fluctuate over different seasons of the year?  
2. Do caffeine concentrations in surface sediment provide a more stable indicator of 
domestic waste loading than do concentrations in surface waters?  
3. Would the combination of microbial source tracking and caffeine analysis provide a 
more accurate method for distinguishing nutrient loading via domestic waste than an 
assessment based on microbial source tracking alone? 





Figure 3-1: Map of the study area showing the eight sampling locations. Base map from Esri, 2016. 
3.2.1.1 Site 1: West Holland Landing (HR) 
The first sampling location was on the bank of the West Holland River 
Subwatershed, Lake Simcoe Watershed in Innisfil, ON (Figure 3-2). The watershed 
includes the agricultural lands of Holland Landing, and the city of Bradford, and covers a 
total of 354 km2 located to the southeast of Cook’s Bay, Lake Simcoe. While the river 
flows through the town of Bradford, it is surrounded by the Holland Marsh polder, a 
series of channels, pump-stations and tilled fields which considerably affects the 
hydrology of this area (LRSCA, 2010). Approximately 57% of the subwatershed 
comprises agricultural land and only 3% is urban area.  
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From an ecological perspective, the West Holland river is in sub-optimal 
condition. Most of the natural riparian zone and natural floodplain have been removed, 
and densely tile-drained farmland has created sheet flow and low percolation through the 
soils. These factors have reduced groundwater base flow and increased surface runoff, 
which in this agricultural area is impacting the river system.  
 
Figure 3-2: Map of sample location in the West Holland River Subwatershed of Lake Simcoe (sampling location HR). 
Base map from Esri, 2016. 
3.2.1.2 Site 2: Mouth of Hotchkiss Creek, Kempenfelt Bay (HC) 
The second sampling location was at the mouth of Hotchkiss Creek, in the Barrie 
Creeks subwatershed of the Lake Simcoe Watershed in Barrie, ON (Figure 3-3). The 
Barrie Creeks Subwatershed covers approximately 37 km2 , and is an area comprising 
75% urban development and less than 4% agricultural land use. The Hotchkiss river is 
significantly influenced by development activities in the city of Barrie. Low surface 
permeability and poor floodplain characteristics result in high surface runoff during wet 
weather events (reference?). Large deposits of sand and sediment at the mouth of 
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Hotchkiss Creek may also indicate impacts associated with stormwater and nutrient 
loading (LSRCA, 2012). Hotchkiss Creek shows significantly higher levels of total 
phosphorous and chloride compared to other stream systems in the Lake Simcoe 
Watershed (LSRCA, 2012). Although the waste water treatement plant (WWTP) is 
located alongside Hotchkiss Creek, its effluent is primarily discharged into Kempenfelt 
Bay. However, as a contingency plan, sanitary manholes in the city were designed with 
combined sewage overflow (CSO) bypass connections to stormwater sewers. Hotchkiss 
Creek feeds directly into Kempenfelt Bay of Lake Simcoe. 
 
Figure 3-3: Map of sample location in the Barrie Creeks Subwatershed of Lake Simcoe (sampling location HC). Base 
map from Esri, 2016. 
3.2.1.3 Site 3: Hawkstone, Oro Medonte (LS) 
This sampling site was at Hawkstone Creek, Hawkstone Creeks Subwatershed, 
Lake Simcoe Watershed in Oro Medonte, ON (Figure 3-4). Samples were collected at the 
mouth of the creek, directly adjacent to the shoreline of the western end of Lake Simcoe. 
The subwatershed covers an approximate area of 48 km2. It has 57% natural cover, 
comprising forested areas and wetland and 24% of the area is agricultural land (LSRCA, 
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2013). This site represents a blend of natural systems and agricultural land use, with 
minimal domestic (urban settlement) impacts.  
 
Figure 3-4: Map of sample location in the Hawkstone Creeks Subwatershed of Lake Simcoe (sampling location LS). 
Base map from Esri, 2016. 
3.2.1.4 Site 4: Bluffs Creek, Orillia (BC) 
This site was at the mouth of Bluffs Creek in the Oro Creeks North Subwatershed, 
Lake Simcoe Watershed in Orillia, ON (Figure 3-5). The subwatershed covers an 
approximate area of 46 km2 with 46% has natural land use and 35% agricultural, 
although, Bluffs Creek more specifically, appears to be more naturalized when compared 
to the other subwatershed creeks. This site was chosen as a natural creek that was 
relatively close to the sites downstream and upstream of Ben’s Ditch (BDa and BDb 
respectively).  
3.2.1.5 Site 5: Kettle’s Lake, Awenda Provincial Park (KL) 
The sampling site was on Kettle’s Lake in the Kettle’s Lake Subwatershed of the 
Georgian Bay Watershed in Tiny, ON (Figure 3-5). It is an 11 km2 drainage area with 
90% natural cover, 8% domestic, and less than 2% agricultural land use. Kettle’s Lake, 
located within Awenda Provincial Park, has a light recreational trail around the perimeter 
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of the lake. Policies are in place to restrict the use of motorized boats (MNR, 1990). 
Kettle’s lake is of similar size and morphology to Farlain Lake . The Kettle’s Lake (KL) 
sampling locations exemplify a very naturalized region with minimal human activity, and 
serves as an excellent contrast with Farlain Lake (FL), see below.  
 
Figure 3-5: Map of sample location five in the Kettles Lake Subwatershed of Georgian Bay (sampling location KL).  
Base map from Esri, 2016. 
3.2.1.6 Site 6: Farlain Lake, Tiny Township (FL) 
This sampling site was at the north end of Farlain Lake, in the Farlain Lake 
Subwatershed of the Georgian Bay Watershed in Tiny, ON (Figure 3-6). This 
subwatershed drains a 14 km2 area with 83% natural cover, 7% agricultural, and 10% 
domestic land use. Farlaine Lake is considered a heavily used recreational waterbody 
with most of the shoreline occupied by residential homes and cottages. The lake is 
approximately 2.5 kilometers long, and runs north to south. It is a natural, spring fed 
kettle lake (on a glaciated plain). In the past, there have been reports of bacterial growth  
in Farlain Lake after heavy rainfall events, raising concerns about nutrient loading (MOE, 
1973); specifically overloaded cottage septic systems and outhouses are suspected of 




Figure 3-6: Map of sample location in the Farlain Lake Subwatershed of Georgian Bay (sampling location FL). Base 
map from Esri, 2016. 
3.2.1.7 Site 7 and Site 8: Ben’s Ditch (BDa and BDb) 
Ben’s Ditch is located in the Oro Creeks North Subwatershed of the Lake Simcoe 
Watershed in Orillia, ON (Figure 3-7). The subwatershed is approximately 75 km2 area 
and consists of 46% natural cover, 35% agriculture and 10% urban area (LSRCA, 2013). 
More specifically, Ben’s Ditch is an extension of Mill’s Creek, a relatively naturalized 
stream with little obvious anthropogenic disturbance. However, Ben’s Ditch is a man-
made channel that serves as a primary drainage system for Orillia’s stormwater run off 
(Aquafor Beech Ltd., 2016). The characteristics of this sampling location were useful as 
it had some similarities to Hotchkiss Creek (HC), but the two sites had contrasting levels 
of urban development in their watersheds. In Ben’s Ditch, two sample locations were 
chosen, one upstream of the Orillia WWTP and one downstream of its outlet (labeled as 




Figure 3-7: Map of sample locations in the Oro Creeks North Subwatershed of Lake Simcoe, including; Bluff’s Creek 
(Sample site BC); and areas upstream and downstream of the wastewater treatment plant effluent to Ben’s Ditch 





Table 3-1: Summary of sampling locations and their land usage attributes, including natural cover, agricultural cover, 
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Sites were ranked from lowest to highest in terms of the anticipated degree of 
urban or domestic land impacts. Several factors were taken into consideration to evaluate 
the sampling sites. First, the total subwatershed drainage area was assessed (Table 3-1). 




3.2.2.1 Collection of Bacterial Samples 
Bacterial samples were always collected first as they are readily cross-
contaminated. Water samples were collected in pre-sterilized sampling bottles at 
approximately 10 cm below surface and from a water column of approximately 40 cm in 
depth. Sediment samples were collected with a D-core which was wiped with 70% 
ethanol prior to collection. Microbial samples for heterotrophic plate count (HPC), total 
coliform, and E. coli enumeration (from both water and surface sediment), were stored in 
sterile sampling bottles in a cooler and processed in the laboratory immediately upon 
arrival, following the standard procedures (Health Canada, 2014). All samples were 
partitioned into three (replicate) subsamples. 
3.2.2.2 Collection of Water Samples 
Water samples for the analysis of total suspended solids (TSS) were collected 
from 10 cm below the water surface in clean 1 L bottles. Samples for nutrient analysis 
(total phosphorus (TP), and nitrate) were collected from 10 cm below the water surface in 
clean 250 mL bottles, and were stored in a freezer (<-4oC) until processing. All samples 
were analyzed as three replicate subsamples. 
3.2.2.3 Collection of Caffeine Samples 
Water samples for caffeine analysis were collected in clean 1 L bottles that were 
previously washed with 10% hydrochloric acid solution and rinsed in deionized (DI) 
water (Balance & Bartram, 1998). Samples were collected from 10 cm below the water 
surface. The bottles were then wrapped in tinfoil and stored at <0°C. From the core 
samples collected, only the upper 3 cm of surface sediment was used for caffeine 
analysis. Sediment samples were wrapped in a clean tinfoil, properly labelled and stored 
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in freezer bags at <0°C until analysis. All caffeine samples were analyzed as two replicate 
subsamples. 
3.2.2.4 Additional Data Collection 
A multiparameter Hydrolab (VWR symphony, SB90M5) and Hach, HQ40d were 
used to record dissolved oxygen (DO), conductivity, pH, and water temperature at each 
sampling location at each sampling event. In each case two replicate measurements were 
taken. 
3.2.2.5 Statistical Analysis 
3.2.2.5.1 Seasonal Comparisons 
To study the variation of caffeine concentration with respect  to other variables 
recorded, the following factors were considered. Sampling location and month of 
sampling as independent variables, and water temperature as a co-variate since 
temperature is very closely related to seasonality (Gan, 1995). All other parameters such 
as bacterial counts, caffeine concentration and other water parameters were treated as 





Table 3-2: Factors, covariates and response variables in the statistical analysis. 






Bacteria - Water Samples: 
− E. coli (CFU/100 mL) 
− Total Coliforms (CFU/100 mL) 
− Heterotrophs (CFU/100 mL) 
Domestic Land-
Use (%)  
Month of 
sampling 
Bacteria - Sediment Samples: 
− E. coli (CFU/100 mL) 
− Total Coliforms (CFU/100 mL) 
− Heterotrophs (CFU/100 mL) 
Water parameters: 
− TSS (mg/L) 
− TP (mg/L) 
− Nitrate (mg/L) 
Caffeine 
pH 
Dissolved oxygen (mg/L) 
Conductivity (µS/mL) 
 
In order to study any seasonal variation in caffeine concentration in relation to all 
other independent and other parameters mentioned in Table 3.2-1, a multivariate analysis 
of covariance (MANCOVA) was carried out (Quinn et al., 2002). The MANCOVA test 
will help to determine any effects of sampling date (seasonality) on the combination of 
measured response variables, treating water sampling location as a covariate.  
Before proceeding with the MANCOVA, a series of assumptions were tested such 
as missing data, outliers, normality and linearity among variables and covariates, 
homogeneity of variance/covariance and homogeneity of regression slopes. 
3.2.2.5.2 Comparing Sampling locations 
A model was constructed to predict land use pattern based on the recorded 
hydrologic and sediment sampling parameters. Land use information was available 
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through local conservation authorities and subwatershed plans and other documentation 
(LSRCA, 2010; LSRCA, 2012; SSEA, 2015). The percentage of domestic land use was 
assessed in each upstream area of subwatersheds associated with each of the sampling 
areas. In addition, land use in the immediate area of each sampling site was assessed. 
Based on this, sampling sites were ranked in order from the lowest to the highest degree 
of anticipated domestic influence. The land use ranked sampling locations were used as 
outcome variables for a stepwise multiple regression analysis. The rank order of the sites 
from lowest to highest domestic influence were KL, LS, BC, BDa, FL, HR, HC, and 
BDb. A series of step-wise multiple regressions were used to generate models with 
different combinations of predictor variables to estimate domestic land use and site 
characteristics following the guidelines provided in Quinn & Keough (2002).  
Analysis of variance (ANOVA) was used to identify the differences among data 
from BDa and BDb, as well as FL and KL. Both paired sampling site comparisons were 
chosen for their close geographic proximity to each other as well as their contrasting 
levels of anthropogenic influence. All data were subjected to appropriate tests of 
assumptions (normality and variance) following standard procedures (Quinn & Keough, 
2002). Sampling sites were tested to determine any differences among heterotrophic plate 
count (HPC), total coliforms (TC), and E. coli and caffeine from water and sediment as 






Figure 3-8: Mean water temperature (° C) recorded over the period of study in all sampling locations. Error bars 
indicate standard error. 
 





















































Figure 3-10: Mean dissolved oxygen concentrations(mg/L) recorded over the period of study in all sampling locations. 
Error bars indicate standard error. 
 
 
















































































































3.3.1.2 Bacterial Counts 
 
In the water samples, the mean heterotrophic plate counts (HPC) were 
consistently higher than other indicator bacterial counts throughout the year of sampling. 
Mean HPC was lowest in June (2.88 log10 cfu/100 mL, SE ± 0.14) and highest in August 
(7.47 log10 cfu/100 mL, SE ± 0.04) (Figure 3-14).  Mean total coliform count (TC) was 
lowest in March (1.60 log10 cfu/100 mL, SE ± 0.23) and highest in April (2.92 log10 
cfu/100 mL, SE ± 0.06) (Figure 3-14). Mean E.coli counts were lowest in February (0.46 
log10 cfu/100 mL, SE ± 0.31) and highest in May (2.65 log10 cfu/100 mL, SE ± 0.13) 
(Figure 3-14). 
 In sediment samples, the mean counts of heterotrophic bacteria were consistently 
higher than the other types of bacterial counts throughout the year of study. Lowest mean 
HPC (in sediment) were recorded in June (3.55 log10 cfu/g, SE ± 0.78) and highest in 
October (5.10 log10 cfu/g, SE ± 0.14 (Figure 3-15). The mean counts for TC were lowest 
in March (0.55 log10 cfu/g, SE ± 0.36) and highest in November (1.89 log10 cfu/g, SE ± 
0.30) (Figure 3-15). The mean counts of E. coli were below detectable limits during the 
months of February, March, and April, and highest in October (1.14 log10 cfu/g, SE  ± 








Figure 3-15: Mean bacterial counts in surface sediment samples (log10 cfu/g) over the period of study. Error bars 







































































3.3.1.3 Caffeine Concentrations 
The mean caffeine concentration in water samples was lowest in May (14.75 ng/L 
SE ± 4.77) and higher during the winter months, peaking in January (102.75 ng/L, SE ± 
39.64) (Figure 3-16) (14750 ppt, SE ± 4770 and 102750 ppt, SE ± 39640 respectively) . 
Mean caffeine concentrations in sediment samples were lowest in July (0.16 ng/g, SE ± 
0.16) and highest in March (2.81 ng/g, SE ± 1.03) (160 ppt, SE ± 160 and 2810 ppt, SE ± 
1030 respectively) (Figure 3-17). 
 
 

















































Figure 3-18: Mean temperature (degrees Celsius) recorded at sampling locations ranked in the order of domestic land 




Figure 3.3-19: Mean pH values recorded at different sampling locations ranked in the order of domestic land use 



















































Figure 3.3-20: Mean dissolved oxygen concentrations (mg/L) recorded at different sampling locations ranked in the 
order of domestic land use (percentage) in corresponding subwatershed (least to greatest) with trendline. Error bars 
indicate standard error. 
 
 
Figure 3.3-21: Mean TSS concentrations (mg/L) recorded at different sampling locations ranked by order of domestic 























































































































3.3.2.2 Bacterial Counts 
In water samples, at all sampling locations, the mean HPC was greater than 
bacterial counts of TC and E. coli. HPC was lowest at sampling location BDa (6.39 log10 
cfu/100 mL, SE ± 1.20) and highest at KL (6.63 log10 cfu/100 mL, SE ± 2.07) (Figure 3-
24). Mean TC counts were lowest at KL (2.27 log10 cfu/100 mL, SE ± 0.65) and highest 
at BDb (3.02 log10 cfu/100 mL, SE ± 0.86) (Figure 3-24). Mean E. coli counts were 
lowest at KL (1.70 log10 cfu/100 mL, SE ± 0.55) and highest at BDb (2.92 log10 cfu/100 
mL, SE ± 0.82) (Figure 3-24).  
In sediment samples, mean HPC was lowest at FL (4.45 log10 cfu/g, SE ± 1.27) 
and highest at HC (6.47 log10 cfu/g, SE ± 2.00) (Figure 3-25). Mean TC count was lowest 
at LS (1.55 log10 cfu/g, SE ± 0.52) and highest at BDa (2.16 log10 cfu/g, SE ± 0.68) 
(Figure 3-25). E. coli densities in sediment samples ranged from below detection limits in 
sites LS and HC to the highest mean count at HR (1.59 log10 cfu/g, SE ± 0.55) (Figure 3-
25). 
 
Figure 3.3-24: Mean bacterial count from water samples (log10 cfu/100 mL) recorded from different sampling locations 

















































Figure 3.3-25: Mean bacterial count from sedimentary samples (log10 cfu/g) recorded in different sampling locations 
ranked in the order of domestic land use (percentage) in corresponding subwatershed (least to greatest). Trendlines 
show a weak positive relationship between domestic land use and bacterial parameters. 
3.3.2.3 Caffeine Concentration 
The mean caffeine concentration among water samples was lowest at site BC 
(11.20 ng/L, SE ± 5.62) and highest in BDb (66.28 ng/L, SE = ± 25.48) (11200 ppt, SE ± 
5620 and 66280 ppt, SE ± 25480 respectively) (Figure 3-26). Mean caffeine 
concentration in sediment samples was lowest at BDb (0.47 ng/g, SE ± 0.26) and highest 












































Figure 3.3-26: Mean caffeine concentrations in water samples (ng/L) recorded at different sampling locations ranked 
by the order of domestic land use (percentage) in corresponding subwatershed (least to greatest) with trendline. Error 




Figure 3.3-27: Mean caffeine concentrations in surface sediment (ng/g) samples recorded at different sampling 
locations ranked by the order of domestic land use (percentage) in corresponding subwatershed (least to greatest) with 











































seasons and bacterial counts in sediment samples. This includes HPC (F22,73 = 2.618, p < 
0.01), TC (F22,73 = 2.708, p <0.01), and E. coli (F22,73 = 2.836, p < 0.01).  
In Leven’s test, caffeine from water samples showed a significantly lower 
variance within data than caffeine from sediment samples (p < 0.01). The results of 
ANOVA showed caffeine from sediment samples were of significantly higher 
concentration than caffeine from water samples overall (F1,190 = 31.177, p < 0.05). 
Seasonality significantly affected the caffeine concentrations in sediment samples as it 
varied significantly with seasons (F22,73 = 2.152, p < 0.05). There was no significant 
relationship between seasonality and caffeine in water samples (F22,73 = 1.758, p = 0.07). 
 
3.3.3.2 Land Use Trends 
The eight different sampling locations and their respective sub-watersheds were 
assessed and ranked from lowest to highest degree of domestic land use (Table 3.2-1). 
The ranking of sampling locations was tested for its relationship to the monitored 
parameters using a step-wise multiple regression analysis. The resulting correlation 
matrix showed positive relationships between land use and two of the sampled water 
parameters: pH (R2 = 0.322, p < 0.01) and nitrate (R2 = 0.332, p < 0.01). Among the 
bacterial counts in water, a positive relationship was found between land use and E. coli 
(R2 = 0.308, p < 0.01). However, in the sediment samples, a positive relationship was 
found between land use and HPC (R2 = 0.322, p < 0.01) as well as TC (R2 = 0.264, p < 
0.01). 
A multiple regression analysis using bacterial counts (HPC, TC, and E. coli from 
water and sediment) was significantly able to predict land use pattern (F6,89 = 4.211, R2 = 
73 
 
0.221, p < 0.01). A second model that tested a combination of bacterial counts and 
caffeine concentration resulted in a slightly stronger relationship (F8,87 = 3.861, R2 = 
0.262, p < 0.01) than the bacterial counts alone. Using a step-wise multiple regression, 
starting with all parameters, it was determined that the combination of pH TP, HPC 
(water samples), TC (sediment samples), E. coli (water samples), and caffeine (water and 
sediment samples) was the most effective combination of parameters to predict land use 
in the study (F7,95 = 8.096, R2 = 0.397, p < 0.01). The results indicated a significant 
predictability of land use from pH (p < 0.05), nitrate (p < 0.01), E. coli from water (p < 
0.01) and TC from sediment (p < 0.01). Caffeine from sediment samples was not 
significantly associated with land use (p = 0.086) in the sites surveyed in this study. 
3.3.3.3 Direct Comparisons of Select Locations 
There was overall significance in an ANOVA comparing all sampling locations 
and caffeine samples from water, F7,88 = 4.112, p < 0.01. In a Dunnett T3 follow-up test, 
significance was found between locations HR and FL (p < 0.05), between LS and FL (p < 
0.05), between BC and FL (p < 0.05), between FL and BDb (p < 0.05), and between FL 
and BDa (p < 0.05). No significant relationship was found between locations FL and KL 
(p = 0.131). 
Overall Significance was observed in an ANOVA between all sampling locations 
and caffeine samples from water (F7,88 = 4.219, p < 0.01). A post-hoc Bonferroni test 
revealed significant relationships between locations KL and BDb (p < 0.01), as well as 
FL and BDb (p < 0.01). No significant relationships were found between locations HR 




the greater solubility of oxygen in colder, and aeration due to the mixing of layers in 
freshwater systems at this latitude (spring overturn) (Bengtsson, 1996; Salonen et al., 
2009). TSS fluctuated over the year with no obvious seasonal pattern. Chapman et al. 
(2017) have suggested that high TSS may be observed as a direct response to high 
precipitation and increased water velocity in streams. They also suggested that high TSS 
levels may be an excellent indicator of short-term weather events and low TSS 
concentrations may be indicative of stable weather. Mean conductivity readings seem to 
show a bimodal pattern, with the highest peaks in January and August. Adams & Lasenby 
(1985) and Faithful (2016) have suggested that ice cover and low mixing conditions 
(during winter stratification) may be related to high conductivity levels, while spring 
seasonal dilution of dissolved ions in water (resulting in lower conductivity) can be 
attributed to snow-melt. Other reports suggested that high conductivity may be 
attributable to road salting in winter (Bant, 2009; Novotny et al., 2007). TP 
concentrations and nitrate concentrations followed similar patterns (to each other) but 
peaked in different months of the year. TP was highest in May (372.26 mg/L, SE ± 
36.09) and nitrate was highest in August (1582.52 mg/L, SE ± 934.44). These data are 
consistent with earlier studies that show nutrient loading and processes associated with 
eutrophication most intense over the summer months (Evans et al., 2011; Nicholls, 1995; 
Winter et al., 2007).  
During all sampling periods, water and sediment samples were assessed for an 
assortment of bacterial populations. HPC was generally higher than TC or E. coli counts, 
which has been seen also in other studies (WHO, 2003). HPC counts were present in all 
water and sediment samples, supporting the concept that heterotrophic bacteria are 
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common in most freshwater systems (WHO, 2003). TC were less abundant than HPC 
counts and showed a more seasonal pattern of abundance. TC counts was lowest in 
March for water samples, and lowest in January for sediment samples. E. coli densities 
followed similar trends to TC counts, an observation that has also been made in previous 
studies (Cohen et al., 1973; Ishii et al., 2006; Lin, 1974; Noble et al., 2010), with the 
lowest counts being recorded during winter. As mentioned earlier, in regard to the 
environmental persistence of E. coli and other enterococci, these mesophilic bacterial 
communities show peak growth at temperatures approximating those of the 
(endothermic) mammalian body, around 36°C, and they do not generally thrive under 
colder conditions (Ishii et al., 2006; Ishii et al., 2008). In surface sediment samples, E. 
coli densities were considerably lower than was expected. Unden et al (1994) have 
suggested that E. coli are facultative anaerobes, that is, bacteria that can use either 
aerobic or anaerobic respiration, utilizing electron acceptors other than oxygen (nitrate, 
nitrite, trimethylamine N-oxide, dimethyl sulfoxide, or fumarate) (Unden & Bongaerts, 
1997). Among the bacterial populations studied in this study, E. coli has demonstrated the 
most specificity to human/animal digestive tracts and has been incorporated in local 
monitoring procedures tracking water quality and assessment for public health (SMDHU, 
2016).  
Over the course of this study, caffeine from water and sediment samples was 
monitored alongside other water parameters. Caffeine in water samples peaked in January 
and was generally found in higher concentrations during periods of freezing and surface 
ice. While it is unclear why the concentrations of caffeine were higher in winter months, 




wastewater effluent (City of Orillia, 2017; LSRCA, 2013; LSEMS, 2003). The pH was 
lowest at sampling site BDa and highest at BDb. pH levels at BDb were consistent with 
the data from the City of Orillia. The City of Orillia WWTP works within the guidelines 
of their Environmental Compliance Approval (ECA) certification, which states that the 
effluent must, at all times, have a pH in the range of 6.0-9.5 (City of Orillia, 2017). Mean 
DO concentration was also highest at sampling location BDa and lowest at BDb. In other 
studies, factors such as high biological/chemical oxygen demand and warmer 
temperatures have been shown to be highly associated with low DO concentrations 
(Jianlong et al., 2004; Tadesse et al, 2004). TSS concentrations were generally lower at 
sampling locations that were along lake shorelines (LS, KL, FL) than they were in creeks 
or the river. Earlier studies have suggested that TSS can be related to nutrient loading, 
turbidity, and fast moving water; these are all factors more closely associated with (lotic, 
or flowing) river systems than with the (more lentic) lakes (Chapman et al., 2017; 
Nasrabadi et al, 2016). Conductivity was generally higher at sampling location BDb than 
BDa, which suggests that the stormwater drainage and WWTP discharge are contributing 
ions that increase the conductivity of the water.  
 
Discharges from WWTPs generally have high heavy metal content, and this 
would be reflected in elevated conductivity values (Azizi et al., 2016). As mentioned 
above, road salt has been shown to influence conductivity values in the area (LSRCA, 
2012). Water from sampling location FL had consistently higher conductivity values than 
those from KL, which may also illustrate the effects of sewage and urban land use on 
conductivity in freshwater systems. Total Phosphate (TP) and nitrate were very variable 
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among sampling locations, but mean concentrations were relatively consistent across 
sampling locations. Samples from creeks and rivers had higher concentrations of nitrate; 
this is consistent with other reports on the level of nutrient loading that is occurring in the 
Lake Simcoe watershed (Correll, 1998; Heisler et al., 2008; Romshoo, 2011).  
 Heterotrophic plate counts cover a wide range of bacteria and are considered a 
suitable general representation of the bacterial community as a whole (WHO, 2003; Staff 
et al., 2003). Total Coliforms (TC) and E. coli counts in water samples followed similar 
trends, but E. coli counts were generally lower than the TC counts, suggesting that other 
coliform organisms were present in the water system (Dufour, 1977; Jin et al., 2004; 
Noble et al., 2003).  
In sediment samples, HPC remained more abundant than the other bacterial 
populations studied, but the data appeared to be more variable among sampling locations. 
For example, sampling locations LS and HC had extremely low counts of E. coli in 
sediment. Other sites appeared to show a greater difference between TC counts and E. 
coli counts suggesting that many other coliform bacteria besides E. coli were present in 
the sediment (Dufour, 1977; Jin et al., 2004; R. Noble et al., 2003).  
Caffeine in water samples showed relatively high variability among sampling 
locations. Sampling location KL showed relatively higher caffeine concentrations than 
anticipated while sampling location HR showed considerably lower caffeine 
concentrations than anticipated. Previous studies had shown similar results and have 
suggested that possible explanations for such variation would include biodegradation, 
photo-degradation, and dilution factors that may vary from one to other location (Ashton 
et al., 2004; Rapoula, 2003). Although wastewater treatment facilities do not directly 
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address all organic compounds, caffeine  may, to some extent, be incidentally removed 
by physical, chemical and bacterial processes that occur during water treatment (Baalbaki 
et al., 2016; Thomas et al., 2005).  
Caffeine concentrations from sediment samples did not closely parallel the 
corresponding concentrations of caffeine in water samples. Sampling locations KL and 
FL had the highest concentrations of caffeine in sediment while sampling location BDb, 
downstream of a wastewater effluent discharge, had the lowest. While these results were 
not what had been hypothesized earlier, several factors may account for these differences. 
A previous study suggested that the bacterial community present in the surface sediment 
may result in substantial biodegradation of caffeine, but that the process is highly 
dependent on the redox status of that sediment (Bradley et al., 2007). These authors 
suggested that factors such as sediment composition can have a major influence on the 
diffusion of oxygen and composition of bacterial communities, which in turn would 
impact caffeine concentrations over time. For future studies on sedimentary caffeine as a 
tracer for domestic waste, it is recommended that estimates of redox potential and 
sediment composition be incorporated in the experimental design, due to their potential 
impact on caffeine levels in the sediment. It would also be beneficial to include 
sedimentary analysis, including total organic compounds and other factors influencing 
the absorption of caffeine as well as degradation (Bruton et al., 2010). 
In the present study, significant variation in caffeine concentrations with season 
was observed. Caffeine concentrations increased in winter, particularly at sites with 
surface ice cover. It is possible that processes such as lower temperatures and light 
intensity due to ice cover may have reduced the degradation of caffeine (Rapoula, 2003; 
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Trovó et al., 2013). In addition, the dimictic pattern of overturn typical of freshwater 
lakes in a temperate area like this may also have influenced the caffeine concentration. 
With the exception of groundwater flow, the overall mixing of water in a freshwater 
system is significantly reduced during periods of freezing and sub-zero conditions 
(Bengtsson, 1996; Salonen et al., 2009). The increased caffeine concentrations in winter 
contrast with the lower bacterial counts at that time. As suggested by Jones et al (1987) E. 
coli and other mesothermic coliforms that thrive at 37°C, but have limited tolerance to 
hypothermic conditions, undergo cold shock and therefore slow reduced growth below 
15°C. The results of the statistical analysis are in support of the hypothesis that caffeine 
fluctuates with season.  
Over the course of one year, caffeine concentrations fluctuated greatly. It was 
expected that caffeine concentrations in sediment would be more consistent over time 
than the corresponding concentrations in water. However, this was not the case. Caffeine 
concentrations in sediment showed significantly higher variance than caffeine 
concentrations in water (p < 0.01. The literature suggests that the processes of caffeine 
degradation will be less effective in sediment (Bradley et al., 2007). It is possible that the 
variance observed in sediment could be due to the sampling procedure, given that 
samples were collected from the top three centimeters of sediment, a region that is prone 
to disturbance by, and exchange with, the overlying water column. The present study 
suggests that caffeine in sediment is often more concentrated than it is in the overlying 
water. It also shows that caffeine concentrations in sediment show significantly higher 
variance than those in the water column. Thus, the hypothesis that assessments of 
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caffeine in sediment would provide a more reliable measure of domestic waste inputs 
than caffeine in water samples was not supported by the results of this study. 
3.4.2.1 Domestic Land Usage Trends 
The model created to predict domestic land-use using bacterial indicators gave a 
significant R2 value (F6,89 = 4.211, R2 = 0.221, p < 0.01), but note that the relatively low 
R2 value means that bacterial indicators were therefore explaining only about 22% of the 
variance. The addition of caffeine data to this model raised the R2 value to 26% 
(F8,87=3.861, R2 = 0.262, p < 0.01). This suggests that inclusion of data on caffeine levels 
improves the predictive power of bacterial assessments in terms of predicting the relative 
impact of domestic land use.  
The result of the backward selection multiple regression helped to generate a list 
of eight predictor variables that produce a strong correlation with land-use pattern, 
accounting for nearly 40% of the variation (F7,95 = 8.096, R2 = 0.397, p < 0.01. However, 
individually, no single predictor variable was significant (p > 0.05) as a predictor of the 
land-use pattern. The data thus suggest that a combination of variables is needed to 
produce a reasonably good predictor of land-use pattern in a freshwater ecosystem, and 
we cannot turn to caffeine as the sole factor used to assess the relative impact of domestic 
land use in a watershed. 
In some instances, the data from the sediment samples gave a more accurate 
prediction of the land use pattern. This may be due to the stable, more long-term 
persistence of tracer compounds in sediment compared to surface waters (Ahmad, 2014; 
Bradley et al., 2007; Dash et al., 2012; Rapoula, 2003). 
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This aspect of the study was designed to determine whether combining microbial 
source tracking with caffeine samples would more accurately identify domestic sources 
of nutrient loading than would bacterial indicators alone. Bacterial counts were 
significant predictors of domestic land use at the sampling locations but caffeine alone 
was not statistically significant (F2,93 = 2.762, R2 = 0.056, p = 0.068). However, the 
combination of bacterial and caffeine tracking yielded a stronger correlation and better 
overall predictability (F8,87 = 3.861, R2 = 0.262, p < 0.01). These finding agree with 
earlier reports that support the use of caffeine as well as bacterial assessments as a tracer 
molecule for domestic waste (Buerge et al., 2003; Edwards et al., 2015; Gardinali et al., 
2002; Kurissery et al., 2012; Linden et al., 2015; Peeler et al., 2006; Siegener et al., 
2002b; Thomas et al., 2005) 
3.4.2.2 Comparisons of Selected Sampling Sites  
Sites KL and FL are interesting to compare; KL is located in Awenda Provincial 
Park and the Kettle’s Lake sub-watershed, an area with some recreational camping 
activities, but that otherwise has only limited public access. It was expected that this site 
would have much lower caffeine concentrations overall, compared to Farlain lake, which 
has higher recreational activities and areas of domestic land use adjacent to its shoreline. 
This hypothesis was not supported, in that caffeine concentrations were significantly 
lower in KL than in FL (see Figure 3-26 and 3-27, (p = 0.131)). 
Previous studies had suggested that E. coli counts would be greater in Farlain 
Lake than in Kettle’s Lake (MOE, 1973; SSEA, 2016). However, the present study did 
not support this. Sediment samples from FL had marginally higher E. coli counts than 
those from KL, but the reverse was true for counts in the water samples. The difference 
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between the E. coli counts in water from KL and FL was not statistically significant (p > 
0.05).  
In another comparison, sites BDa and BDb were selected to quantify the changes 
in water parameters attributable to inputs from the Orillia WWTP in terms of its effluent 
discharge and its effect on caffeine concentration. Contrary to expectations, sites BDa 
and BDb did not show any significant differences in caffeine, E. coli, or nutrient 
concentrations. Additionally, it is possible that WWTPs, although not specifically 
engineered to remove caffeine, have been able to significantly reduce concentrations of 
caffeine as wastewater goes through their primary, secondary and, if applicable, tertiary 
treatment processes (Dash et al., 2012; Rapoula, 2003; Trovó et al., 2013).   
3.5 Chapter Conclusions 
Seasonal changes in Lake Simcoe, Kettles Lake and Farlain Lake watersheds 
were investigated, and significant fluctuations in caffeine and bacterial levels were 
observed over the study period. The general trend observed in the study was that E. coli 
and other bacteria were greatly reduced in abundance in the cold season compared to 
other times of year. Meantime, in winter, higher concentrations of caffeine were observed 
in water samples. The elevated presence of caffeine during periods when bacteria are 
reduced suggests that it may be helpful to substitute chemical tracking for microbial 
source tracking during the winter months in these freshwater systems. 
It was proposed earlier that caffeine concentrations in sediment samples might be 
more useful and consistent than those in water. The variance among replicate (triplicate) 
sediment samples was high, which reduced the precision of these estimates. It was also 




Understanding the nature of nutrient loading, particularly, at the source or 
confluence of freshwater systems can be helpful in identifying and remediating the source 
and therefore protecting the receiving water body (Romshoo, 2011). Bacterial indicators 
of nutrient loading have been used in the fields of public health and environmental 
monitoring for years to identify contamination sources (Edberg et al., 2000; Ishii et al., 
2008). Microbial source tracking (MST) includes tracking of broader group of 
microorganisms such as heterotrophic bacteria and total coliform bacteria (Edberg et al., 
2000). However, since the 1990s, Escherichia coli (E. coli) has been recognized as the 
ideal tracer of fecal waste (and potentially the associated human pathogens) based on its 
abundance in the gastrointestinal tracts of endotherms and its environmental persistence 
(Ishii et al., 2008).  
While microbial source tracking can be effective in identifying fecal 
contamination, there are a number of concerns raised to its scope of application and 
efficacy over time (Ravaliya et al., 2014). Some of the major ones are: 1. While E. coli 
can display environmental persistence, there have been studies demonstrating the 
potential naturalization of these bacteria when conditions are favorable for survival 
thereby making it difficult to differentiate the naturalized ones from those arriving as new 
contaminants (Ishii et al., 2006). 2. While there are techniques for differentiating 
domestic and animal waste such as the ratio of fecal coliform to fecal streptococci 
(FC:FS), there is uncertainty as to their accuracy as well because these microorganisms 
have different biological requirements and rates of survival under environmental 





ratio of 4:1 (agricultural waste to domestic waste). The third set of flasks contained 60 
mL of agricultural stock and 40 mL of domestic stock to represent a mixed nutrient load 
with slightly more agricultural input than domestic input and a 6:4 ratio (agricultural 
waste to domestic waste). The fourth set of flasks contained 40 mL of agricultural stock 
and 60 mL of domestic stock to represent a mixed nutrient load with slightly more 
domestic waste than agricultural waste, and a ratio of 4:6 (agricultural waste to domestic 
waste). The fifth set of flasks contained 20 mL of agricultural stock and 80 mL of 
domestic stock to represent a mixed nutrient load consisting of mostly domestic waste 
and a 1:4 ratio (agricultural waste to domestic waste). The final set of flasks contained 
100 mL of domestic stock and were intended to represent a nutrient load comprising only 
domestic waste (with no agricultural waste influence) with a 0:1 ratio (agricultural waste 
to domestic waste). As a control, flasks were set up with 300 mL of DI water. To reduce 
the number of external variables influencing the study, nutrients (nitrate and total 
phosphate) were supplemented to achieve approximately the same nutrient concentrations 
in all flasks and series of the experiment. To achieve this, all flasks were spiked with a 
micro-pipette using 4427 μg/mL nitrate standard solution and 20 μg/mL phosphorous 
standard solution (80 mg/L ± SE 1.97 of nitrate and 95 mg/L ± 3.62 of total 
phosphorous).  
 The inoculated Erlenmeyer flasks were sealed with sterile cotton and 
cheesecloth to allow the diffusion of oxygen. Flasks were swirled and agitated gently 
each day for 1 min to facilitate oxygen diffusion. The flasks were stored in a transparent 
container on a ledge in the laboratory window where moderate light intensity was 




of these solutions were then used to inoculate the subsequent experimental treatments in 
this experiment. 
To represent agricultural discharge, fresh manure samples were collected from 
J&K Farms Limited., Springwater Township, ON; five manure samples were collected 
from Charolais and Limousin mixed-breed beef cattle. Samples were collected with a 
sterile scoopula from three locations on each of three manure piles and stored in sterile 
200 cc plastic bottles in a cooler with ice for transport.  
In the laboratory, 1 g of each manure sample (total of 5 g) was weighed on an 
analytical scale and diluted in an Erlenmeyer flask with 1 L of sterile deionized (DI) 
water. The samples were mixed vigorously for 30 mins on a mixer and then vacuum 
filtered through Whatman 0.7 µm pore, 47 mm microfiber membrane filters. Samples 
were collected, the parent stock solution was produced, and experimental samples were 
inoculated in the same 12-hour period. The stock solution was intended to represent cattle 
manure runoff as would be found in nutrient loading events.  
On the same day, domestic sewage was collected from the Orillia Waste Water 
Treatment Plant (WWTP). The 1 L grab samples were collected in triplicate from the 
main sewer trunk that services the City of Orillia drainage area. Samples were collected 
where the water discharges from the sewer and enters the primary treatment facility. The 
samples were collected with a sterile 1 L plastic bottle fastened to an extension pole. 
Samples were stored in a cooler with ice for transport. In the laboratory, the sample was 
left undisturbed for 1 hour, allowing sedimentation to occur. The samples were vacuum 
filtered through Whatman 0.7 µm pore, 47mm microfiber membrane filters to remove 





mL Log10, SE ± 0.54) (Figure 4-2). So, overall, none of the microbial counts allowed the 
different blends of agricultural and domestic wastes to be distinguished.  
Caffeine concentrations were relatively low in 1:0 (agricultural: domestic waste) 
flasks (26.89 ng/L, SE ± 1.57). Caffeine concentrations show a positive relationship with 
domestic waste content and was highest in flasks with a 1:4 (agricultural: domestic) 
waste blend (5003.45 ng/L, SE ± 20.41) (Figure 4-3).  
 
Figure 4-1: Mean nitrate and total phosphorous concentrations (mg/L) from sample groups with varying agricultural 








































































week, they had dropped further to 2.95 cfu/100 mL Log10, SE ± 0.10. The values for 
Fecal Coliforms followed a similar pattern with the highest mean counts at the beginning 
of the study (6.43 cfu/100 mL Log10, SE ± 0.03), a drop after 48 hours (3.65 cfu/100 mL 
Log10, SE ± 0.16), and a further decrease after one week (2.49 cfu/100 mL Log10, SE ± 
0.16) (Figure 4-5). Escherichia coli, at the outset, showed the lowest mean counts of all 
bacterial forms assessed (6.34 cfu/100 mL Log10, SE ± 0.03). This dropped further after 
48 hours (3.54 cfu/100 mL Log10, SE ± 0.14) and after one week went down to (2.42 
cfu/100 mL Log10, SE ± 0.17) (Figure 4-5). 
Caffeine concentrations decreased by an order of magnitude over the one-week 
study. The initial mean concentration was 5102 ng/L, SE ± 838.37. After 48 hours, the 
mean concentrations had dropped a little, but not significantly, to 4344.70 ng/L, SE ± 
617.25, and after one week they had dropped further to 636 ng/L, SE ± 112.45 (Figure 4-
6). 
 

















Figure 4-5: Mean HPC, TC, FC, and E. coli concentrations (CFU/100 mL [Log10]) over the period of study. Error 
bars show standard error. 
 

















































4.3.2.2 Trend Analysis 
All parameters tested exhibited a negative relationship with time, that is, they 
decreased over the week of the study. In a correlation matrix, the variables: E. coli counts 
(R2 = 0.843, p < 0.01, Fecal Coliform counts (R2 = 0.844, p < 0.01), and Total Coliform 
counts (R2 = 0.861, p < 0.01 showed the strongest negative relationships with time. The 
variables; nitrate (R2 = 0.533, p < 0.01 and Total Phosphorus (R2 = 0.624, p < 0.01 
showed moderate negative relationships with time. Caffeine concentrations (R2 = 0.280, p 
< 0.01 and HPC (R2 = 0.278, p < 0.01 showed the weakest negative relationships with 
time. 
A multiple regression showed that bacterial indicators drop off significantly in 
density over the one-week period of study, and that their numbers were good predictors 
of the time elapsed since the initial inoculation of the wastewater (R2 = 0.773, F4, 49 = 
41.664, p < 0.01.  The addition of caffeine to the model, although it, alone, gave a weak 
correlation, produced a significant improvement in the R2 value (R2 = 0.824, F5, 48 = 
45.073, p < 0.01. The addition of nutrient data did not significantly improve the model or 





they could not be used to discriminate between the different wastewater blends in each 
series of (3 replicate) flasks. 
Caffeine concentrations were assessed as predictors of wastewater blends in this 
study (the relative concentrations of agricultural and domestic waste). In the present 
study, levels of Total Phosphate and nitrate were examined, but these are not likely to 
indicate mixture composition, since the stock solutions were supplemented to reach 
approximately the same starting concentrations of both these nutrients.  
4.4.1.1 Water Quality Parameters 
TP and nitrate showed a greater decline in concentration over the first 48 hours of 
study than over the remainder of the week-long study period (Figure 4-4).The uptake of 
nutrients by autotrophic organisms, could have played a major role in nutrient reduction 
(Fouilland et al, 2007; Kirchman, 1994). There were no obvious differences between 
nutrient concentrations in different wastewater mixtures showed no major trend.  
For some time, HPC counts have been used as a means to test drinking water 
quality on the principle that heterotrophic bacteria could be an indicator of the presence 
of human pathogens (Staff et al., 2003). The HPC test has proven an effective indicator as 
these bacteria are extremely abundant in most environments (Allen et al., 2004). In the 
present study, heterotrophic plate counts were very high (5.59-6.22 cfu/100 mL Log10, SE 
± 0.08), suggesting that pathogens may be present in all flasks of each series, but this test 
is not able to provide insight on the types of pathogen that may be present or their sources 
(Staff et al., 2003).  Heterotrophic bacteria were found at similar densities in all mixtures 
of agricultural and domestic waste.  Previous studies have reported similar difficulties in 
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differentiating source loading, looking only at bacterial indicators (Ashton et al., 2004; 
Daneshvar et al., 2012; Kurissery et al., 2012; Peeler et al., 2006; Seiler et al, 1999). 
In contrast to the bacterial parameters examined, caffeine concentrations showed 
a positive relationship with domestic waste concentrations (Figure 4-3). This finding 
supports earlier work that suggested that caffeine levels are higher in domestic waste than 
in agricultural waste (Daneshvar et al., 2012; Ferreira, 2005; Kurissery et al., 2012; Seiler 
et al., 1999). 
Low caffeine concentrations were seen in samples containing only agricultural 
waste. Possible sources of contamination could include the laboratory procedures, sample 
collection, or attributes of the agricultural land where sampling occurred. No caffeine was 
observed in the control flasks, which might rule out contamination in the lab. However, 
the farm where manure was sampled also uses sludge from a Wastewater Treatment Plant 
as a fertilizer in many of their fields. Earlier reports in the literature suggested that 
sewage sludge from the primary removal stage in wastewater treatment plants can contain 
caffeine at concentrations as high as 446 mg/kg dry mass; this might account for the 
presence of caffeine, even in the 100% agricultural wastewater (Martín et al, 2012). 
4.4.1.2 Trend analysis 
Bacterial counts were not sufficient to differentiate the various combinations of 
wastewaters in each sample (p > 0.05). Several factors may contribute to this. The 
microbial communities tested, although abundant, were not specifically associated with 
either domestic or agricultural waste. While some organisms have been used as tracers of 
animal waste (such as Fecal Streptococci), they do not typically survive for long in the 
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natural environment such that they would be useful for environmental monitoring 
(Howell et al., 1995).  
On a more general scale, HPC can be used as an indicator of most bacterial 
pathogens and biologically contaminated drinking water. For these reasons, it has been 
widely accepted as a means to test water and wastewater (WHO, 2003).  The 
communities of HPC are abundant in both domestic and agricultural wastes however they 
are not significant predictors of nutrient loading (p = 0.11). More specific indicators of 
wastewater loading were tested (TC, FC, and E. coli) with similar results. Coliform 
bacterial counts were high in both domestic and agricultural stock solutions.  
Caffeine was a significant predictor of domestic waste and displayed a strong 
overall relationship with domestic waste (R2 = 0.46, F5, 48 = 8.172, p < 0.01. This result 
supports earlier findings, but the strength of the relationship is difficult to determine 
given that several different variables affect caffeine concentrations in the environment 
(Ferreira, 2005; Kurissery et al., 2012; Peeler et al., 2006; Seiler et al., 1999). A better 
understanding of the strength of the correlation between caffeine and anthropogenic 
waste in a controlled laboratory environment can provide an insight on the strength of 
external environmental factors in inland freshwater systems. This study supports the 
hypothesis that caffeine concentrations can more accurately predict domestic waste 
content than bacterial counts (the first hypothesis, H1). Of the multiple regressions 
performed, the combination of caffeine and MST produced the strongest model (R2 = 
0.46, F5, 48 = 8.172, p < 0.01. This supports the hypothesis that the combination of 




that competition for nutrients and oxygen with other heterotrophs and colder water 
temperatures (21°C, SE ± 2 °C) may explain the rapid decline of coliforms observed in 
the experiment. 
In this experiment caffeine degraded from an initial concentration of 5102 ng/L, 
SE ± 838.37 to 4344.70 ng/L, SE ± 617.25 after 48 hrs. After one week caffeine 
concentration reduced to 636 ng/L, SE ± 112.45. Previous studies suggested that the 
major processes of caffeine degradation could include biodegradation by bacteria and 
photo-degradation (Ahmad, 2014; Dash et al., 2012; Rapoula, 2003, 2003; Trovó et al., 
2013; Vogels et al., 1976). Since both bacteria and sunlight were present in the flasks, it 
is not possible to distinguish between these possible factors in the present study, so to 
fully resolve this issue, further laboratory studies are needed. However, in a natural 
system, both factors would be occurring in an ongoing way.  
4.4.2.2 Trend Analysis 
Over a one-week period, a drop in bacterial density, nutrients and caffeine 
concentrations were observed. A good understanding of the effects of time on indicators 
of nutrient loading is extremely important if we are to adopt them as metrics of relative 
inputs from different sources. In the natural environment, it is difficult to collect a sample 
immediately after contaminants enter the system; sample collection may occur many 
hours, days or weeks after a release occurs. For these reasons, it is important to know 
how long factors that can act as indicators will persist.  
The bacterial counts were high, but not specific to either domestic or agricultural 
wastes. Bacterial counts dropped significantly over the one week period of the study. A 
rapid decline in cell numbers and shift in microbial communities can be observed (Figure 
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4-5). Counts of HPC did not drop off as rapidly, but these data characterize a diverse 
microbial community, and therefore they may be more robust to stressors in general 
(Turner et al., 2007). Other bacterial data showed very rapid die-off over the one-week 
period. The bacterial data support the rationale behind using time-sensitive guidelines for 
rapid detection of TC, FC, and E. coli in freshwater systems (Cabral, 2010; Dufour et al., 
2012; Edberg et al., 2000).  
Caffeine concentrations did degrade over time, but at a slower rate than bacterial 
parameters (Figure 4-5 and 4.3-6). Both caffeine and bacterial parameters exhibited a 
significant negative relationship with time. Caffeine exhibited slower, consistent, and 
significant degradation compared to bacterial tests (R2 = 0.280, p < 0.01), supporting the 
hypothesis that caffeine concentrations will degrade at a slower rate than bacterial death 
rates so that caffeine lasts longer, and is a better indicator of the contaminants than the 
bacterial populations (supporting the third hypothesis, H3). 
This information is useful in determining the value of indicator tests after a 
nutrient loading event has contaminated freshwater systems. It also clarifies how the 
length of time elapsed from a discharge event to the response and sample collection can 
affect the accuracy and usefulness of sample analyses. 
4.5 Chapter Conclusions 
The monitoring of caffeine concentrations offers an effective means of identifying 
domestic waste under a variety of conditions where samples were mixed with agricultural 
waste. This research supports all three of the hypotheses tested: H1: Caffeine 
concentrations can more accurately predict combination of wastes than the bacterial 
counts; H2: The combination of caffeine concentrations and bacterial counts will be more 
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accurate at predicting waste combination than either parameter alone; H3: Caffeine 
concentrations will degrade at a slower rate than bacterial numbers. 
Nutrient loading and eutrophication are major environmental concerns in terms of 
the degradation of freshwater systems (Correll, 1998; Heisler et al., 2008).. In this study, 
a laboratory experiment was conducted to assess the value of caffeine as an indicator of 
domestic waste, and evaluate how caffeine monitoring may be used in conjunction with 
conventional, accepted methods of microbial source tracking (MST). In Chapter 3, 
environmental samples were assessed, but the high variability of the results, likely due to 
additional environmental factors that were not measured, may have reduced the apparent 
value of these proposed new source tracking procedures. In the present chapter, a 
controlled laboratory experiment provided a very convincing demonstration of the value 
of a combined microbially-based and caffeine-based analysis for differentiating domestic 
waste and agricultural waste. Future studies should be designed to bridge the gap between 
these experiments by controlling, and/or recording in the field, a greater number of 






that caffeine can be used to identify sewage from human waste in water, and can 
differentiate human sewage waste from cattle manure contamination under controlled 
conditions. 
 The objectives of this study were addressed over two separate chapters, the field 
component (Chapter 3) and the laboratory experiment (Chapter 4). First, a twelve-month 
field study was conducted to better understand the relationships that caffeine and 
bacterial communities have with seasonality and land use in the County of Simcoe and 
the Lake Simcoe Watershed. In addition, caffeine and bacteria were sampled from both 
surface waters and sediment at each site to assess the key differences between these two 
types of samples from the same sampling location. Second, a week-long laboratory 
experiment was conducted to understand the relationships that different blends of 
domestic waste and agricultural waste have with the parameters studied (heterotrophic 
plate count, total coliforms, E.coli counts, and caffeine concentrations). In addition, the 
laboratory experiment investigated the effects of time (as a proxy for degradation time) 
and cell growth/death over the course of one week in a controlled environment. 
 It was expected that environmental samples would display high variability in 
terms of various parameters (biological, chemical and physical) on a spatial and temporal 
scale, while in the laboratory studies much of natural environmental variance can be 
controlled. It was hypothesized that caffeine would show greater persistence over a wide 
range of environmental conditions and hydrologic parameters than bacterial communities, 
and that its concentration would be highly representative of the quantity of anthropogenic 
waste. It was hypothesized that bacterial communities would be abundant in most 
sampling locations, but their abundance and density would depend on temperature and 
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other environmental parameters. It was anticipated that fecal coliforms (E. coli) would be 
indicative of fecal contamination, but caffeine would be exclusively indicative of 
domestic contamination (as opposed to agricultural wastewater). Additionally, it was 
expected that the eight sites, ranked in terms of their degree of domestic land use, would 
positively correlate with caffeine concentrations (KL, LS, BC, BDa, FL, HR, HC, and 
BDb respectively).  
 The field study showed that caffeine in environmental samples was highly 
variable on a temporal and spatial scale. Caffeine was not, on its own, a significant 
predictor of watershed land use, but it did make a significant contribution to the model 
overall when combined with microbial source tracking.  Caffeine varied significantly 
over the year, showing its highest concentrations in winter, when lakes were ice-covered. 
Surface sediment samples had higher caffeine concentrations than surface water, but 
they, too were highly variable. Comparing sites, as expected, KL showed lower mean 
caffeine concentrations than FL, but the comparison of two sites upstream and 
downstream of effluent release from a wastewater treatment plant, between BDa and 
BDb did not show a significant difference. 
In the laboratory study, caffeine concentrations were positively correlated with 
the proportion of domestic waste (stock solution) in a flask, but not the stock solution 
containing agricultural wastes. Caffeine was effectively able to predict domestic waste 
concentrations throughout the study. Bacterial indicators were present at similar 
concentrations in both domestic and agricultural waste, so they did not, on their own, 
provide a way to distinguish between domestic and agricultural waste inputs. Bacterial 
indicators died off quite quickly over the week of the study. 
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Overall, the major findings of the study suggest that caffeine is an effective tracer 
for domestic waste in conditions where external variables are controlled, or more are 
recorded. Caffeine assessment, in conjunction with conventional methods of MST, offers 
a more effective model for predicting the relative contribution of anthropogenic waste in 
freshwater. Caffeine in sediment, although it is found at higher concentrations, showed 
higher variance, so larger sample sizes may be needed to provide more reliable data. 
Caffeine concentrations tend to increase in winter under ice cover; this suggests that, in 
winter, when fecal indicator bacteria cannot survive, caffeine may offer a superior 
indicator of anthropogenic fecal contamination.  
 Earlier studies have suggested that caffeine may be an ideal tracer molecule for 
domestic waste due to its specificity and environmental persistence (Chen et al., 2002; 
Kurissery et al., 2012; Peeler et al., 2006; Rapoula, 2003; Seiler et al., 1999; Thomas & 
Foster, 2005). Overall, the present study supports this position, and suggests that caffeine 
analysis for the trace determination of domestic waste, combined with traditional MST,  
could provide valuable information for water quality monitoring in the County of 
Simcoe. Although sediment samples had high caffeine concentrations, they were also 
very variable; this suggests that while sediment sampling of caffeine may be better, in the 
long run, than measurements made in the water column, a larger sample size or 
subsampling procedures should be used in future. The higher caffeine levels measured in 
the water column under ice cover may be a result of either winter stratification, or lower 
rates of (microbial) degradation (Bruton et al., 2010; Dash & Gummadi, 2012; Peake et 
al., 2015; Salonen et al., 2009). The use of caffeine as an indicator of domestic waste 
could be particularly beneficial in winter when microbial indicators are often inviable 
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(Ishii & Sadowsky, 2008; Oliver & Page, 2016). The use of caffeine to distinguish human 
fecal contamination, could be used in the public health sector along with standard 
methods of microbial water quality indicators. Understanding the origin of fecal 
contamination can provide valuable insight on what pathogens could be impacting human 
health (Cabral & João, 2010). Given the rapid expansion of urban areas and the 
inexorable conversion of natural and agricultural land to seasonal or year-round 
residential use, the issues involved with managing municipal sewage and identifying 
problems related to inflow, infiltration and sewage overflow, are becoming increasingly 
important, and highly relevant to environmental protection and drinking water source 
protection (LSRCA, 2016).  
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